Abstract-Endothelial cell (EC) barrier dysfunction results in increased vascular permeability, leading to increased mass transport across the vessel wall and leukocyte extravasation, the key mechanisms in pathogenesis of tissue inflammation and edema. We have previously demonstrated that OxPAPC (oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine) significantly enhances vascular endothelial barrier properties in vitro and in vivo and attenuates endothelial hyperpermeability induced by inflammatory and edemagenic agents via Rac and Cdc42 GTPase dependent mechanisms. These findings suggested potential important therapeutic value of barrier-protective oxidized phospholipids. In this study, we examined involvement of signaling complexes associated with caveolin-enriched microdomains (CEMs) in barrier-protective responses of human pulmonary ECs to OxPAPC. Immunoblotting from OxPAPC-treated ECs revealed OxPAPC-mediated rapid recruitment (5 minutes) to CEMs of the sphingosine 1-phosphate receptor (S1P 1 ), the serine/threonine kinase Akt, and the Rac1 guanine nucleotide exchange factor Tiam1 and phosphorylation of caveolin-1, indicative of signaling activation in CEMs. Abolishing CEM formation (methyl-␤-cyclodextrin) blocked OxPAPC-mediated Rac1 activation, cytoskeletal reorganization, and EC barrier enhancement. Silencing (small interfering RNA) Akt expression blocked OxPAPC-mediated S1P 1 activation (threonine phosphorylation), whereas silencing S1P 1 receptor expression blocked OxPAPC-mediated Tiam1 recruitment to CEMs, Rac1 activation, and EC barrier enhancement. To confirm our in vitro results in an in vivo murine model of acute lung injury with pulmonary vascular hyperpermeability, we observed that selective lung silencing of caveolin-1 or S1P 1 receptor expression blocked OxPAPC-mediated protection from ventilator-induced lung injury. Taken together, these results suggest Akt-dependent transactivation of S1P 1 within CEMs is important for OxPAPC-mediated cortical actin rearrangement and EC barrier protection. Key Words: OxPAPC Ⅲ Akt Ⅲ S1P receptor Ⅲ caveolin-enriched microdomain Ⅲ endothelial barrier enhancement E ndothelial cells (ECs) provide a semiselective barrier between the blood and underlying tissue interstitium with barrier disruption resulting in increased vascular permeability and organ dysfunction. 1,2 Therefore, agents that enhance EC barrier function are a desirable therapeutic strategy for a variety of inflammatory diseases, tumor angiogenesis and atherosclerosis. 2,3 We have recently described that oxidized phospholipids (OxPLs) derived from OxPAPC (oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine) exhibited potent barrier-protective effects toward human pulmonary endothelial monolayers. 4,5 However, the underlying signaling mechanisms by which OxPAPC increases vascular integrity remains poorly understood.
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In endothelial cells, as in many other cell types, there exist specialized sterol-and sphingolipid-enriched domains, called lipid rafts, that have been implicated in OxPAPC signaling. 6 -9 In addition, there exists a subset of lipid rafts which are 50-to 100-nm plasma membrane microdomains containing a specific scaffolding protein called caveolin-1. 10 -12 We have previously shown that these caveolin-enriched microdomains (CEMs) regulate receptor interacts with the underlying actin cytoskeleton and EC barrier function. [13] [14] [15] Furthermore, we have demonstrated that CEMs are critical for Rac1 activation of barrier enhancing stimuli including hyaluronan and hepatocyte growth factor. 13, 15 However, the role of CEMs in OxPAPC-mediated EC barrier regulation is incompletely defined.
The sphingosine-1-phosphate (S1P) receptor S1P 1 resides in CEMs and is critically involved in EC barrier enhancement. 13, 14, 16 Our published data indicate that certain EC barrier enhancing stimuli including hyaluronan 13 induce S1P 1 transac-tivation (threonine phosphorylation), which regulates Rac1 activation (Rac1-GTP formation) and rearrangement of the cortical actin cytoskeleton. We examined the role(s) of S1P 1 receptor transactivation, CEMs, and Akt on OxPAPC-mediated cytoskeletal regulation and EC barrier enhancement in this study.
Materials and Methods
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Cell Culture and Reagents
Human pulmonary artery ECs were obtained from Clonetics (Walkersville, Md) and cultured as previously described. 16 Unless otherwise specified, reagents were obtained from Sigma (St Louis, Mo).
Lipid Oxidation and Analysis
PAPC (nonoxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine) was obtained from Avanti Polar Lipids (Alabaster, Ala) and oxidized and analyzed as previously described. 17 
CEM Isolation
CEMs were isolated from human lung ECs using Triton X-100 insolubility and centrifugation, as we have described previously. [13] [14] [15] 
Measurement of EC Electric Resistance
ECs were grown to confluence in polycarbonate wells containing evaporated gold microelectrodes, and transendothelial cell electric resistance measurements performed using an electric cell-substrate impedance sensing system obtained from Applied Biophysics (Troy, NY), as described previously in detail. 16 
Delivery of Small Interfering RNA in Mice
Adult male C57BL/6J mice, 8 to 10 weeks old, with an average weight of 20 to 25 g (The Jackson Laboratory, Bar Harbor, Me) were bred at the University of Chicago animal care center. All experimental protocols involving the use of animals were approved by the University of Chicago Institutional Animal Care & Use Committee for the humane treatment of experimental animals. Small interfering (si)RNAs from Dharmacon (Lafayette, Colo) had the following sequences: siCaveolin1: 5Ј-ACGUAGACUCCGAGGGACA-3Ј; siS1P 1 receptor: 5Ј-CUUGCUAACUAUUUGGAAA-3Ј; control siRNA (Luciferase): 5Ј-UAAGGCUAUGAAGAGAUA-3Ј. Polyethylenimine-22, which provides preferential RNA targeting to the lung, 18 was used as a carrier in the in vivo experiments with siRNA-induced caveolin and S1P 1 receptor knockdown in vivo. Obtained polyethylenimine-22-siRNA polyplexes (400 L) were injected into the jugular vein of the 8-to 10-week-old C57BL/6 male mice under anesthesia. After 72 hours, the mice were subjected to mechanical ventilation or Evan's blue dye and euthanized; lungs, livers, and hearts were collected and homogenized as previously described. 19 
Results

CEMs Regulate OxPAPC-Induced Human EC Barrier-Enhancing Events
OxPLs derived from OxPAPC promote a variety of important EC biological functions including vascular barrier enhance- Figure 1 . CEMs regulate OxPAPC-mediated human EC barrier enhancement. A, ECs were grown to confluence, serum-starved for 1 hour, and either left untreated (control) or treated with 20 g/mL OxPAPC for 5, 15, 30, 45, or 60 minutes. Cellular material was analyzed using immunoblotting with anti-phospho-tyrosine-caveolin-1 (a) or anti-caveolin-1 (b) antibody. B, ECs were plated on gold microelectrodes, serum-starved for 1 hour, and treated with either PBS (pH 7.4) (control) or 5 mmol/L M␤CD (a cholesterol-depletion agent that abolishes CEM formation) 30 minutes before PBS (pH 7.4) or 20 g/mL OxPAPC addition. The arrows indicate the times of M␤CD and OxPAPC addition. C, ECs were grown to confluence, serum-starved for 1 hour, and either left untreated (control) or treated with 5 mmol/L M␤CD 30 minutes before PBS (pH 7.4) or 20 g/mL OxPAPC addition (5, 15, or 30 minutes). ECs were then solubilized and incubated with p21-binding domain (PBD)-conjugated beads to bind activated (GTP-bound form) Rac1. The PBD bead-associated material was analyzed using immunoblotting with anti-Rac1 antibody. D, ECs were grown to confluence, serum-starved for 1 hour, and either left untreated (control) or treated with 5 mmol/L M␤CD 30 minutes before PBS (pH 7.4) or 20 g/mL OxPAPC addition (5, 15, or 30 minutes). ECs were then solubilized and analyzed using immunoblotting with anti-phospho-tyrosine-caveolin-1 (a), anti-phospho-PAK1 (b), or anti-phospho-tubulin antibody (c). E, ECs were grown to confluence on glass coverslips, serum-starved for 1 hour, and either left untreated (control) or treated with 5 mmol/L M␤CD 30 minutes before PBS (pH 7.4) or 20 g/mL OxPAPC addition (15 minutes). Cells were then fixed and stained with TRITC-phalloidin (to visualize F-actin) and analyzed using fluorescent microscopy. ment. 4, 5 We explored the role of CEMs on OxPAPC-induced signaling and observed that OxPAPC induces tyrosine phosphorylation of the CEM scaffolding protein caveolin-1 (Figure 1A) . Abolishing lipid raft formation with methyl-␤-cyclodextrin (M␤CD) (a cholesterol-depletion agent) inhibited several OxPAPC-mediated effects including EC barrier function ( Figure 1B ), Rac1 activation ( Figure 1C) , phosphorylation of caveolin-1 and the downstream Rac1 effector, PAK1 ( Figure 1D ), and actin cytoskeletal rearrangements ( Figure 1E ). These data demonstrate a crucial involvement of CEMs in OxPAPC-mediated signaling and EC barrier function.
OxPAPC Induces S1P 1 Receptor Transactivation
Activation of S1P 1 , which resides in CEMs, regulates EC barrier enhancement. 13 Therefore, we examined whether OxPAPC is able to transactivate the S1P 1 receptor within CEM structures. Isolation of CEMs from control and OxPAPC-treated human ECs followed by immunoblot analysis revealed that OxPAPC induces recruitment of S1P 1 receptor and Rac1 to CEMs and OxPAPC-induced S1P 1 receptor transactivation (threonine phosphorylation) within CEMs (Figure 2A and 2B) .
We and other have reported that the serine/threonine kinase Akt1 mediates S1P 1 receptor transactivation in human ECs. 13, 20 OxPAPC challenge of human ECs induces recruitment of tyrosine phosphorylated Akt to CEMs, which is abolished with the Src family tyrosine kinase inhibitor protein phosphatase (PP)2 ( Figure 3A ). Silencing Src family members present in human pulmonary ECs 21 revealed that Src and Fyn are responsible for OxPAPC-mediated Akt tyrosine phosphorylation ( Figure 3B ). In addition, Akt1 silencing (siRNA) in human ECs indicate that Akt1 expression is required for OxPAPC-mediated S1P 1 receptor threonine phosphorylation ( Figure 3C and 3D).
Akt1 and S1P 1 Receptor Regulate OxPAPC-Mediated Rac1 Activation
As stated previously, OxPAPC-mediated EC barrier function is dependent on activation of the small G protein Rac1. 4, 5 Therefore, we examined whether Akt1 and/or the S1P 1 receptor are upstream regulators of OxPAPC-mediated Rac1 activation. Silencing of Akt1 ( Figure 3A ) or the S1P 1 receptor ( Figure 4A ) dramatically decreased OxPAPC-mediated activation of Rac1 (Rac1-GTP formation) in human ECs ( Figure 4B ).
OxPAPC and S1P 1 Receptor Regulate Akt Phosphorylation and EC Barrier Enhancement
Our results in Figures 3 and 4 indicate that Akt1 is tyrosine phosphorylated in CEMs and is required for OxPAPCmediated S1P 1 receptor transactivation and Rac1 activation. Akt is a serine/threonine kinase that is fully activated by serine, threonine, and tyrosine phosphorylation. [22] [23] [24] Therefore, we examined the contributions of OxPAPC and the S1P 1 receptor to the phosphorylation state of Akt. Interestingly, our results in Figure 5A indicate that OxPAPC-mediated tyrosine phosphorylation of Akt (by Src and Fyn) ( Figure 3B ) is S1P 1 receptor-independent. However, serine and threonine phosphorylation of Akt is mediated by mTOR and the phosphatidylinositol (PI3)-kinase pathway and is S1P 1 receptordependent ( Figure 5B ). Therefore, our results suggest that partial activation (tyrosine phosphorylation) of Akt appears to be sufficient for S1P 1 receptor transactivation. However, full activation (serine, threonine, and tyrosine phosphorylation) of Akt appears to be required for Rac1 activation and EC barrier function (Figures 4 and 5) . Measurements of EC barrier function in vitro (transendothelial cell electric resistance) revealed that silencing (siRNA) the expression of Akt1 ( Figure 5C ) or the S1P 1 receptor ( Figure 5D ) reduced OxPAPC-induced EC barrier enhancement. In addition, silencing Src, Fyn, or mTOR or treatment with S1P 1 receptor or PI3-kinase inhibitors attenuated OxPAPC-mediated EC barrier enhancement ( Figure 5E ).
Caveolin-1 and S1P 1 Receptor Regulate OxPAPC-Mediated Protection From Ventilator-Induced Lung Injury
We used a ventilator-induced lung injury (VILI) model to test the role of CEMs and the S1P 1 receptor on OxPAPCmediated protection from vascular hyperpermeability associated with acute lung injury (ALI) in vivo. Our results in Figure 6 indicate that selective lung silencing of caveolin-1 expression (intravenous administration of caveolin-1 siRNA/ polyethylenimine-22 polyplexes 18 ; Figure 6A ) blocked OxPAPC-mediated protection from VILI as measured by Evans blue dye leakage ( Figure 6B ) and bronchoalveolar lavage (BAL) total cell count and protein content ( Figure 6C ). In addition, using the same procedures as above with S1P 1 Figure 2 . OxPAPC induces transactivation of the S1P 1 receptor in human EC CEMs. A, ECs were grown to confluence, serumstarved for 1 hour, and either left untreated (control) or challenged with 20 g/mL OxPAPC addition (5, 15, or 30 minutes). CEM fractions (20% Optiprep layer) were isolated, solubilized in immunoprecipitation buffer, and analyzed using immunoblotting with S1P 1 receptor (a), anti-Rac1 (b), or anticaveolin-1 (c) antibody. B, ECs were grown to confluence, serum-starved for 1 hour, and either left untreated (control) or challenged with 20 g/mL OxPAPC addition (5, 15, or 30 minutes). CEM fractions were isolated, solubilized, and immunoprecipitated with anti-S1P 1 receptor antibody. The immunoprecipitated material was analyzed using immunoblotting with anti-phospho-threonine (a) or anti-S1P 1 receptor (b) antibody.
receptor siRNA indicate that selective pulmonary silencing of the S1P 1 receptor blocked OxPAPC-mediated protection from VILI, as measured by BAL total cell count ( Figure 7A ) and BAL protein content ( Figure 7B ). These findings indicate the importance of the S1P 1 receptor and CEMs in OxPAPCmediated protection of pulmonary vascular integrity.
Discussion
Agents that exhibit the capacity to reverse increases in vascular permeability, a prominent feature in diverse inflammatory syndromes, tumor angiogenesis, and atherosclerosis, have obvious therapeutic applications. 25, 26 OxPAPC decreases EC permeability both in vitro and in vivo. 5, 27 As the upstream mechanisms of OxPAPC-mediated GTPase regulation and endothelial barrier protection remain poorly understood, we examined the role of CEMs and S1P 1 receptor transactivation in OxPAPC-mediated signaling and human EC barrier regulation. Our novel results indicate that Ox-PAPC induces partial activation (Src-and Fyn-dependent tyrosine phosphorylation) of Akt, resulting in Akt-mediated S1P 1 receptor transactivation (threonine phosphorylation) in CEMs. Activated S1P 1 receptor induces full activation (mTOR and PI3-kinase--dependent serine and threonine phosphorylation) of Akt required for Rac1 activation, cortical actin cytoskeletal rearrangement, and consequent OxPAPCmediated EC barrier enhancement (Figure 8) .
CEMs, a subset of lipid rafts containing caveolin-1, have been implicated in EC migration, proliferation, adhesion, endocytosis, cholesterol, and calcium regulation and signal transduction. 11, 12, 28 Deletion of caveolin-1 expression in mice inhibits CEM (caveolae) formation in ECs and promotes lung fibrosis and microvascular hyperpermeability. 29 We observed that OxPAPC requires the existence of CEM fractions for Akt-mediated S1P 1 receptor transactivation, Rac1 signaling, and EC barrier enhancement. Targeted use of siRNA to differentially reduce expression of either S1P 1 or Akt1 revealed that OxPAPC transactivation of S1P 1 is responsible for subsequent signaling to the EC cytoskeleton and barrier enhancement.
Our data indicate that Akt activation is required for OxPAPC-mediated EC barrier function. Activation of Akt1 can occur through threonine phosphorylation (T 308 ) in the catalytic domain by PI3-kinase-dependent PDK-1 and by serine phosphorylation (S 473 ) in the hydrophobic motif by various kinases including mTOR. 30 -33 In addition, Akt can be activated by tyrosine phosphorylation by Src family kinases, 34 an event we observe with OxPAPC treatment of human ECs. Activated Akt can directly phosphorylate threonine residues within the S1P 1 receptor (T 236 ), 20 which promotes S1P-mediated EC Tiam1/Rac1 activation and cortical actin reorganization and migration. Our data indicate that activated S1P 1 receptor is required for OxPAPC-mediated serine and threonine phosphorylation of Akt1. Because full activation of Akt occurs with serine, threonine, and tyrosine phosphorylation, 30 -34 our data indicate that Src and Fyn are responsible for OxPAPC-mediated Akt tyrosine phosphorylation, whereas S1P 1 receptor-dependent activation of mTOR and PI3-kinase pathways promote Akt serine/threonine phosphorylation.
Using pulmonary targeting of caveolin-1 and S1P 1 receptor siRNA, our data indicate that OxPAPC protection from VILI is dependent on caveolin-1 and S1P 1 expression. Furthermore, our intravenous administration of OxPAPC and intravenous pulmonary targeting of caveolin-1 siRNA suggest OxPAPC-induced protection from VILI act via a preferential endothelial, rather than epithelial, mechanism. 18, 35, 36 OxPLs play a dual role in vascular inflammation. 4 In hyperlipidemic states, OxPLs contained in minimally modified LDL activate monocyte adhesion and transmigration through EC monolayer, stimulate production of chemotactic and inflammatory mediators, promote foam cell formation, and lead to progression of atherosclerotic vascular inflammation. 37, 38 In turn, various models of acute sepsis or inflammation (lipopolysaccharide [LPS]-induced lung injury, CpG, VILI, necrotizing pancreatitis) show potent antiinflammatory effects of transient OxPAPC elevation via blocking of signaling by nuclear factor B and stress kinases, and direct barrier-protective effects on vascular endothelium. 27,39 -41 These reports show that antiinflammatory effects of OxPLs (OxPAPC or OxPAPS) administered at specific doses intravenously, subcutaneously, or intratracheally far exceed potential adverse proinflammatory effects.
Because OxPLs may possess beneficial or detrimental effects under different circumstances, these conditions need to be clearly defined. Protective effects of exogenously oxidized synthetic PAPC include: (1) inhibition of "sterile" ALI and sepsis induced by viral and bacterial derived Toll-like receptor (TLR)4/TLR9 ligands 27, 40 ; (2) inhibition of "aseptic" ALI induced by injurious mechanical ventilation 27 ; (3) inhibition of stress signaling, inflammation, and tissue injury in the model of chemically induced acute necrotizing pancreatitis 41 ; and (4) inhibition of dendritic cell maturation, 42 which may prevent excessive immune reactions.
One protective mechanism of OxPAPC is via antagonistic interaction with the LPS coreceptors LPS-binding protein and CD14, leading to competitive blockage of the ability of LPS to bind its receptor, TLR4. 43 Such inhibition blunts the nuclear factor B-mediated inflammatory cascade. OxPAPC administration decreased inflammatory cell recruitment and even protected against LPS-mediated lethal shock. 39 In agreement with our previous report using aseptic rat and murine models of VILI, 27 the protective effects reported in this study do not appear to be mediated by an inhibition of LPS action. What are the mechanisms of OxPAPC protective effects in VILI model? One such mechanism involves direct protective effects of OxPAPC on vascular endothelial monolayers and Rac/Cdc42-dependent attenuation of barrierdisruptive Rho signaling. 4, 5 Indeed, OxPAPC attenuated Rho pathway of barrier disruption in pulmonary ECs subjected to thrombin and high-magnitude cyclic stretch in vitro, promoted Rac-dependent barrier recovery, and markedly reduced lung barrier dysfunction in mice exposed to high tidal volume mechanical ventilation and Rho activator TRAP (thrombin receptor activating peptide) in vivo. 27 Similar protective effects were achieved by intravenous injection of Rho kinase inhibitor Y-27632. 27 The results of the present study further support this model and strongly suggest a CEM/S1P 1 - Figure 4 . S1P 1 receptor and Akt regulate OxPAPC-mediated Rac1 activation. A, Cellular lysates from nontransfected (control, no siRNA), scrambled siRNA, or S1P 1 receptor siRNA 13 transfection were analyzed using immunoblotting with anti-S1P 1 receptor (a) or anti-actin (b) antibody. B, ECs were either treated with scrambled siRNA, S1P 1 receptor siRNA, or Akt1 siRNA, 13 grown to confluence, serum-starved for 1 hour, and either left untreated (control) or treated with 5 mmol/L M␤CD before the addition of 20 g/mL OxPAPC for 5 minutes. ECs were then solubilized and incubated with p21-binding domain (PBD)-conjugated beads to bind activated (GTP-bound form) Rac1. The PBD bead-associated material was analyzed using immunoblotting with antiRac1 antibody. mediated pathway of Rac activation underlying OxPAPC barrier protective effects in vitro and in vivo.
Another possible protective mechanism of OxPAPC in aseptic ALI models including VILI may be inhibition of TLR-mediated inflammatory signaling triggered by endogenous TLR ligands generated in the course of ALI. 44 For example, murine model of bleomycin-induced ALI showed increased generation of low-molecular-mass hyaluronan, which engaged MyD88 and both TLR4 and TLR2 and initiated inflammatory responses in the lung. 43 The following negative OxPAPC effects in acute sepsis and lung injury models were reported: (1) high doses of exogenous OxPAPC caused pulmonary endothelial barrier disruption 4 and increased lung elastance as a parameter of rapid impairment of lung function 44 ; (2) products of advanced endogenous phospholipid oxidation such as 4-hydroxy-2-nonenal, ozone-oxidized surfactant phospholipids stimulate inflammatory reactions, cause dysfunction of lung mechanical properties and lung endothelial permeability, 45, 46 and fragmented PAPC oxidation products induce endothelial barrier disruption in vitro. 4, 5 ; (3) OxPAPC suppressed bacterial phagocytosis and pinocytosis by peritoneal macrophages and neutrophils in the model of bacterial peritonitis, leading to propagation of bacteriemia. 47 A study by Imai et al 44 showed accumulation of oxidized phosphatidylcholine products in human and animal lungs infected with SARS (severe acute respiratory syndrome), anthrax, and H5N1 avian influenza virus and in a mouse model of acid-induced lung injury judged by increased immunoreactivity with monoclonal EO6 antibody. In vitro, BSA-conjugated PAPC oxidation products stimulated interleukin-6 production by alveolar macrophages in a TLR4/ TRIF-dependent fashion. 44 Apparently conflicting reports regarding a role of OxPL in acute inflammation and lung barrier function may be explained by differences in composition and concentrations of OxPLs used in different studies. Immunologic OxPL detection using EO6 antibody has certain limitations. EO6 specifically binds to OxPL containing the PC head group, such as POVPC, but not to native nonoxidized PLs. EO6 recognizes products of aldol condensation of PAPC oxidation , or threonine phosphorylated (T 308 ) to total Akt in EC lysates treated with 20 g/mL OxPAPC (5 minutes) with or without scrambled siRNA, S1P 1 receptor siRNA 1, 13 S1P 1 receptor siRNA 2 (Santa Cruz Biotechnology), S1P 1 receptor antagonist W146 (250 nmol/L, 1 hour), mTOR siRNA, or PI3-kinase inhibitor LY294002 (10 mol/L, 1 hour). C, ECs were plated on gold microelectrodes, treated with scrambled siRNA, or Akt1 siRNA, 13 grown to confluence, serum-starved for 1 hour, and either left untreated (control) or treated with 20 g/mL OxPAPC. The arrow indicates the time of OxPAPC addition. D, ECs were plated on gold microelectrodes, treated with scrambled siRNA, or S1P 1 receptor siRNA, 13 grown to confluence, serum-starved for 1 hour, and either left untreated (control) or treated with 20 g/mL OxPAPC. The arrow indicates the time of OxPAPC addition. E, Graphic representation of the percentage maximal OxPAPC-induced transendothelial cell electric resistance (y axis) using siRNA and inhibitors (x axis) as we have described in Figure 3B and Figure 5B through 5D.
products, such as P(POVPC)VPC, diLysoPC-C9, and di-OVPC. 48 This antibody also reacts with Schiff bases forming covalent bonds between protein lysine residues and aldehyde groups of fragmented OxPLs such as POVPC-BSA. 48 Therefore, EO6 does not discriminate between fragmented and oxygenated products of PAPC oxidation, and specific profiles of OxPLs generated in various ALI models remain to be determined.
OxPL exhibits dose-dependent, biphasic effects on the endothelial permeability. Low OxPL concentrations protect endothelial barrier, whereas high concentrations of the same OxPLs induced barrier-disruptive effects. 4 Previous in vitro studies have described caveolar disruption with Ox-PAPC at 50 g/mL. 8 Because the present studies demonstrate that the S1P 1 transactivation leading to EC barrier enhancement depends on intact caveolae, such caveolae disruption at high OxPAPC concentrations may help explain barrier-disruptive effects of OxPAPC at higher concentrations.
A similar explanation can be applied to the animal models. The OxPAPC doses used for intratracheal instillation by Imai et al 44 ( 20 g/g body weight) were 5 to 10 times higher compared to the protective doses of intratracheal OxPAPC against of LPS-and CpG DNA-induced ALI. 40 Whether these OxPL treatments 44 quantitatively and qualitatively represent endogenous OxPL generation during acid-, SARS-, Figure 6 . Depletion of pulmonary caveolin-1 expression impairs the protective effects of OxPAPC on VILI. A, Polyethyleniminemediated lung specific transfection 18 and depletion of caveolin-1 in dose-dependent manner. Mice were transfected with nonspecific RNA (nsRNA) or caveolin-1 siRNA at dose of 4, 6, or 10 mg/kg. Depletion of caveolin in different organs (lung, liver, and heart) was verified by Western blot 72 hours after transfection. B, Effects of caveolin-1 depletion on the attenuation of lung vascular leak by OxPAPC in response to HTV. After 4 hours of ventilation, Evans blue dye (30 mL/kg) was injected into the external jugular vein 2 hours before termination of ventilation to assess vascular leak. Lungs were harvested and imaged against white background. Spectrophotometry measurement of extravagated Evans blue was performed as described in Materials and Methods. Insets depict the quantitative measurement of Evans blue-labeled albumin extravasation in the shown lung preparation. Evans blue accumulation in the lungs from small nuclear RNA VILI animals was taken as 100% (nϭ4 per condition). C, Depletion of caveolin-1 impairs protective effects of OxPAPC on VILI. HTV (30 mL/kg, 4 hours) induced a dramatic increase in BAL total cell count and protein content, which was significantly attenuated by intravenous injection of 1.5 mg/kg OxPAPC in control mice transfected with nonspecific RNA knockdown of caveolin abolished the protective effects of OxPAPC. *PϽ0.05 ND-no difference, nϭ4 per group.
anthrax-, or H5N1 influenza-induced lung injury in vivo is a subject of further studies. It also appears that, if administered intravenously, even higher OxPAPC doses (up to 40 mg/kg) may be well tolerated and exhibit protective effects in animal models of LPS-induced lung injury, VILI, and acute necrotizing pancreatitis. 27, 40, 41 Thus, careful analysis of tissue OxPL levels using more elaborate techniques such as mass spectrometry is essential for precise characterization of the composition and amounts of endogenous OxPL generated in different pathological conditions. These studies will allow better understanding of the OxPL role in the pathogenesis of ALI.
In summary, although putative receptor(s) mediating Ox-PAPC barrier protection remain elusive, we now show that OxPAPC-mediated Rac1 activation, cortical actin rearrangement, and barrier regulation are critically dependent on S1P 1 transactivation within CEMs. The recruitment of S1P 1 , Akt1, and Rac GTPases within CEM fractions may be a common feature of barrier enhancing stimuli. These results further indicate that OxPAPC may serve as a potentially useful therapeutic treatment for diseases characterized by high permeability states. Figure 7 . Inhibiting pulmonary S1P 1 receptor expression attenuates the protective effects of OxPAPC on VILI. A, Polyethyleniminemediated lung specific transfection 18 and depletion of S1P 1 receptor impairs the protective effects of OxPAPC on VILI. HTV (30 mL/kg, 4 hours) induced a dramatic increase in BAL total cell count and protein content, which was significantly attenuated by intravenous injection of 1.5 mg/kg OxPAPC in control mice transfected with nonspecific RNA. Knockdown of caveolin abolished the protective effects of OxPAPC. NS indicates no significant difference (nϭ5 per group). B, Depletion of S1P 1 receptor impairs protective effects of OxPAPC on VILI. HTV (30 mL/kg, 4 hours) induced a dramatic increase in BAL total cell count and protein content, which was significantly attenuated by intravenous injection of 1.5 mg/kg OxPAPC in control mice transfected with nonspecific RNA. Knockdown of caveolin abolished the protective effects of OxPAPC. NS indicates no significant difference (nϭ6 per group). C, Mice were transfected with nonspecific RNA (nsRNA) or S1P 1 receptor siRNA at a dose of 10 mg/kg. Depletion of S1P 1 receptor expression in lung was verified by immunoblot 72 hours after transfection. 1 resulting in Akt-mediated S1P 1 receptor transactivation (threonine phosphorylation) in CEMs. 2 Activated S1P 1 receptor can induce full activation (mTOR-and PI3-kinase-dependent serine and threonine phosphorylation) of Akt 3 required for Rac1 activation, 4 cortical actin cytoskeletal rearrangement, 5 and consequent OxPAPC-mediated EC barrier enhancement. 6 
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